Background: While enhanced recovery protocols (ERPs) reduce physiologic stress and improve outcomes in general, their effects on postoperative renal function have not been directly studied. 
Background
Enhanced recovery protocols (ERPs) are multimodal approaches focusing on improving patient surgical outcomes through preoperative optimization and emphasis on standardized evidence-based interventions in perioperative patient care. A growing body of evidence suggests that ERPs significantly reduce the incidence of perioperative complications, length of hospitalization, and health care costs for patients undergoing colorectal surgery (Miller et al., 2014; Zhuang et al., 2013; Lv, 2012) .
Acute kidney injury (AKI) is a relatively common postoperative complication after colorectal surgery (Masoomi et al., 2012) . Although the etiology of AKI following surgery is multifactorial, it has been traditionally thought that liberal fluid administration may be beneficial in the perioperative period, when patients are predisposed to reductions in renal blood flow (Fearon et al., 2005; Lyon et al., 2012) .
ERPs attempt to avoid fluid overload during both the intraoperative and postoperative periods. Intraoperatively, low-dose maintenance crystalloid infusions are advocated to maintain zero fluid balance. In addition, many centers use goal-directed fluid therapy to optimize stroke volume and deliver fluids only to patients who are volume-responsive, as judged by stroke volume assessment . In the postoperative period, intravenous fluids are discontinued after resumption of oral fluid intake, most often in the immediate postoperative period (Miller et al., 2014) . Permissive oliguria is tolerated and is not necessarily treated with fluid boluses in the absence of other indicators of hypovolemia.
Increased use of neuraxial analgesia is another component of ERPs. This has been shown to improve postoperative pain control and return of gastrointestinal motility (Steinbrook, 1998) . At the same time, the sympatholysis produced by epidural analgesia causes arterial vasodilation (Clemente & Carli, 2008 ). An increased incidence of postoperative hypotension has been observed in patients treated with epidural analgesia under ERPs (Marret et al., 2007; Gupta & Gan, 2016) .
Although there is good evidence for the benefits of avoiding fluid overload, concerns have been raised that the more restrictive fluid management approach in ERPs, permissive oliguria, and the increased use of epidural analgesia common to ERPs may increase the risk for postoperative AKI. Unfortunately, there is a scarcity of data examining the impact of ERP on postoperative kidney function after colorectal surgery. While small studies comparing ERPs to traditional care have reported similar rates of acute kidney dysfunction in their enhanced recovery and conventional therapy cohorts, these studies were underpowered to detect changes in individual complications (Huebner et al., 2014; Hübner et al., 2013; Ihedioha et al., 2015) . Large studies, metaanalyses, and systematic reviews comparing ERPs to conventional care have not specifically set out to compare renal outcomes from traditional management to ERPs, so these studies are limited by a lack of granularity that precludes inference about the adjusted renal effects of ERPs (Bakker et al., 2015; Gustafsson et al., 2011; Ren et al., 2012; Varadhan et al., 2010; Aarts et al., 2012; ERAS Compliance Group, 2015; Shida et al., 2015; Dhruva Rao et al., 2015; Spanjersberg et al., 2015; Greco et al., 2014; Gillissen et al., 2013; Gravante & Elmussareh, 2012; Rawlinson et al., 2011) . Therefore, we sought to examine directly the effects of an ERP on changes in postoperative creatinine levels and the incidence of postoperative AKI following colorectal surgery.
Methods

Study cohort
The study included patients undergoing major elective colorectal surgery under ERP (between February 2010 and March 2013) or without ERP (between October 2004 and October 2007) at the Duke University Medical Center. Eligible procedures for inclusion were segmental colectomy, total abdominal colectomy, total abdominal colectomy with end ileostomy, total proctocolectomy with ileoanal pouch, low anterior resection, and abdominoperineal resection. The study included both laparoscopic and open procedures. Procedures were performed by board-certified colorectal surgeons. Patients with preoperative renal dysfunction (defined as creatinine > 1.5) were excluded. The Duke Institutional Review Board approved this study (IRB#: Pro00061780).
Colorectal ERP
Specifics of the Duke ERP and data demonstrating improvements in colorectal surgery outcomes have been published previously (Miller et al., 2014; Adam et al., 2015) . Briefly, this protocol was composed of three phases: preoperative, intraoperative, and postoperative. In the preoperative phase, patients received education on the program and details about their role. To minimize preoperative fasting, clear liquids were permitted until 3 h before the time of anesthesia induction. In addition, patients were given a carbohydrate-rich drink 3 h before induction. All patients received standardized preoperative antibiotics and thromboprophylaxis, as well as multimodal strategies for pain management and postoperative nausea and vomiting. Bowel preparation was not routinely employed. In the intraoperative phase, minimally invasive surgical approaches and use of epidural analgesia were encouraged. Ninety-two percent of ERP patients received thoracic epidural analgesia. Maintenance crystalloid therapy was delivered via an infusion pump at 1-3 ml/kg/h. Cardiac output monitors were used to perform goal-directed fluid therapy, with 250 ml boluses of Voluven® (Fresenius Kabi Norge AS, Halden, Norway) given to optimize cardiac output. Esophageal Doppler (EDM™ Deltex Medical, Inc., Irving, TX) was used for non-invasive cardiac output monitoring, and the LiDCORapid™ (LiDCO Ltd., Cambridge, UK) was used if invasive cardiac monitoring was established. During the intraoperative and postoperative periods, oliguria was tolerated if signs or symptoms of hypovolemia were absent. Postoperatively, diet and ambulation were initiated on the day of surgery. Intravenous fluids were most often stopped by 06:00 on postoperative day 1 and only restarted if there were clinical concerns about intolerance of oral intake. The head of the bed was kept at 30°, and epidural anesthesia was continued for up to 72 h following surgery. Figure 1 provides a summary of changes implemented under the ERP that are likely to affect patient fluid balance.
Data source
Data were extracted from two databases-a control cohort, previously identified by review of the Duke Innovian® (Draeger, Inc. Telford PA) perioperative database, and the enhanced recovery cohort, collected in a prospectively maintained database. Patient age, gender, race, American Society of Anesthesiologists (ASA) classification, surgical indication, surgical approach, and extent of surgical resection were extracted from each dataset. Serum creatinine data were collected by the study team via retrospective chart review. Preoperative serum creatinine was defined as the serum creatinine obtained in closest proximity to the date of surgery, usually within 1 week of the procedure. Peak postoperative serum creatinine was defined as the highest creatinine level obtained during the 30 days following surgery. For all patients, the 30-day period allowed for capture of creatinine levels obtained during the inpatient period, follow-up appointment, and readmissions for complications. All patients had a minimum of postoperative day 1 serum creatinine level, predischarge serum creatinine level, and follow-up appointment serum creatinine level. Internal auditing was performed to ensure data accuracy. A patient inclusion/ exclusion flow diagram is included as Fig. 2 .
Statistical analysis
The primary outcome measure of the study was the incidence of postoperative AKI. AKI was stratified into three classes: No Kidney Injury, Acute Kidney Injury (2× increase in creatinine), and Acute Kidney Failure (3× increase in creatinine). These creatinine change cutoffs correspond to the Acute Dialysis Quality Initiative's Risk, Injury, Failure, Loss, and End-stage renal disease (RIFLE) classification (Bellomo et al., 2004) . Urine output definitions of renal injury were not used because urine output was not strictly tracked in the ERP group, as the protocol calls for early discontinuation of urinary catheters. The risk category was not included, as it does not correspond to actual renal injury.
Relevant patient demographic data, perioperative creatinine, and operative characteristics were compared between the ERP and the pre-implementation (control) groups using Pearson's chi-square/Fisher's exact tests for categorical variables. The Wilcoxon rank-sum test was used to compare continuous variables.
Multivariable linear regression modeling was employed to examine the adjusted association between ERP vs. control with changes in postoperative serum creatinine levels while accounting for the effects of patient age, gender, race, ASA score, surgical indication, surgical extent, and surgical approach, and preoperative creatinine level. All statistical analyses were performed using R 3.2.1 (R Foundation for Statistical Computing; Vienna, Austria).
Results
Patient and treatment characteristics
A total of 1054 patients were included, 590 (56%) of whom were treated in the ERP group and 464 (44%) patients were in the control group. Patient demographic characteristics were not significantly different between the two groups (Table 1) . ASA class tended to be higher in the ERP group (for example, ASA ≥ 3: 62 vs. 40%, p < 0.001). The ERP group included fewer colectomies (52 vs. 88%) and more rectal resections (48 vs. 12%) (all p < 0.001). Use of laparoscopy was more frequent in the ERP group (60 vs. 49%, p < 0.001). Although the total volume of fluid administered intraoperatively was not significantly different between the groups (p = 0.233), more colloid was administered in the ERP group (median 500 mL control vs. 1000 mL ERP; p < 0.001).
Treatment outcomes
Although statistically significant, median serum creatinine levels were not clinically different between groups preoperatively (0.9 vs. 0.9 mg/dL) or postoperatively (1.0 vs. 1.0 mg/dL). However, differences between the preoperative and postoperative serum creatinine levels were slightly higher in the ERP group than in control (median 0.1 vs. 0.0 mg/dL, respectively, p < 0.001) (Table 2, Fig. 3 ).
Compared with control, patients undergoing surgery in the ERP group had no significant differences in incidence of acute kidney injury (3.7% ERP vs. 3.7%) and acute kidney failure (0.8% ERP vs. 0.9%) (p = 0.998).
After adjustment for patient age, gender, race, ASA score, surgical indication, extent of surgery, and surgical approach, ERP vs. control was not associated with significant changes in postoperative serum creatinine levels (p = 0.251) ( Table 3 ). Factors associated with significant increases in postoperative serum creatinine were older patient age, male gender, black race, and use of open surgical approach.
Discussion
This large single-institution study examined the impact of an optimized ERP on perioperative renal function of patients undergoing major colorectal surgery. In unadjusted analysis, patients undergoing surgery within ERP had a small statistically significant increase in postoperative serum creatinine. However, after adjustment for patient and procedure mix, implementation of an ERP was not associated with a statistically significant Overall, very few studies have tracked the incidence of renal complications within ERPs. Most individual studies present either a pooled complication rate (overall complications) or a limited subset of individual postoperative complications, which did not include acute kidney injury or failure. Similarly, meta-analyses and systematic reviews of ERPs for colorectal surgery report only classifications of "major" and "minor" complications (Huebner et al., 2014; Hübner et al., 2013; Ihedioha et al., 2015; Bakker et al., 2015; Gustafsson et al., 2011; Ren Rao et al., 2015; Spanjersberg et al., 2015; Greco et al., 2014; Gillissen et al., 2013; Gravante & Elmussareh, 2012; Rawlinson et al., 2011) . In one study, 268 patients undergoing resection with established care were compared with 78 patients treated within an ERP. The rates of acute renal failure were reported as 2.2% in the established care group and 3.8% in the ERP group, which were not significantly different between the two groups (p = 0.37) (Huebner et al., 2014) . While that smaller study showed equivalent renal outcomes between the ERP and traditional pathway, it was not clear how renal function and/or failure were defined. Another limitation of that study was the small size that precluded adjustment for possible confounders that have known effects on renal function, such as patient age, comorbidities, extent of surgery, and operative technique. A small-cohort review study from the Mayo Clinic compared postoperative hemodynamics in patients who received treatment within an ERP with or without intrathecal analgesia. The study reported a 2.5% incidence of renal failure among its 163 patients (Hübner et al., 2013) . That study used the Acute Kidney Injury Network criteria for renal injury and tracked creatinine and urine output, but it was still limited by small cohort size and the lack of a control group.
In our study, after adjustment for possible confounding factors, the rates of acute kidney injury or failure were similar between the ERP and traditional care groups. Our rates of acute kidney failure were lower than the rates reported in the studies discussed above (0.9% vs. 2-4%). This may be due to differences in definitions of acute renal failure, as well as the effect of the small sample sizes in the earlier studies. We utilized the RIFLE criteria to help define postoperative renal function. The RIFLE criteria were initially proposed as a standardized definition of kidney dysfunction to permit for better comparison of studies: these criteria have been validated as having clinical and prognostic significance (Lopes & Jorge, 2013) . Basing our creatinine change cutoffs on this validated classification system improves the objectivity of our end-points, as well as the generalizability and clinical significance of our results. Limitations of our investigation include those that are common to retrospective studies, such as the potential for selection bias. After 2010, all patients undergoing elective colorectal surgery at Duke University Hospital were treated in accordance with the hospital's enhanced recovery pathway and included in a prospectively maintained database. To improve similarity between the datasets, patients in the pre-ERP cohort who underwent multiple intra-abdominal procedures and emergency colorectal surgeries were excluded. The baseline characteristics of the patients in the control and ERP cohorts were comparable, and we performed multivariable adjustment to account for possible confounders.
An important limitation specific to this study is that the control and ERP groups are separated by time. As a result, there are several institutional variables that were not controlled in our analysis, such as changes in equipment, perioperative staff, and trainees involved in cases. There was only one lead surgeon who oversaw cases in both groups, and lead surgeon was not one of the factors included in our multivariable analysis. As a single institution study, this analysis benefited from greater standardization in fluid handling and perioperative patient care protocols, but our results may have less generalizability.
Hydroxyethyl starch (HES) was used during procedures in both groups. HES exposure was not included in the multivariable adjustment. More colloid was used intraoperatively in the ERP cohort, and all ERP patients received at least 250 mL of HES on incision as part of the goal-directed fluid therapy protocol. The maximum dose of HES in the ERP protocol was 50 mL/kg. As usage of synthetic colloid solutions has been linked to increased incidences of renal failure, it is possible that the protocolized usage of HES affected the observed incidence of renal complications in the ERP cohort (Brunkhorst et al., 2008; Schortgen et al., 2001) .
In our analysis, the extent of surgery (e.g., partial colectomy vs. total abdominal colectomy) tended to be greater and the ASA scores tended to be higher in the ERP cohort, so remaining dissimilarities between the pre-ERP and ERP datasets would likely overestimate the ERP's impact on postoperative kidney injury. Additionally, it is possible that the enhanced recovery cohort captured incidences of renal dysfunction more stringently, as the introduction of this protocol also included resident education to order labs more judiciously, so that patients who appeared to be doing well clinically would be less likely to have had their serum creatinine tracked. Urine output was not as rigorously tracked for patients following ERP, so the urine output criteria for RIFLE classification were not used. The classification of surgical extent and approach was based on CPT codes, which may not accurately reflect the intraoperative techniques and decision-making.
In conclusion, this study evaluated patients undergoing colorectal surgery to assess the potential deleterious effect of enhanced recovery protocol on renal function. By tracking subclinical changes in creatinine, controlling for potential confounders in a diverse population, and employing large patient cohorts to better detect small differences in rates of perioperative AKI, our review rigorously demonstrates that the historical presumptions about the risk of kidney failure with enhanced recovery schemes in colorectal surgery are unfounded in patients without preexisting kidney disease. Given the increasing application of enhanced recovery principles to other surgical specialties, our findings also provide valuable information with regard to the safety of ERPs.
Conclusions
This study is the first and largest examining the adjusted effect of enhanced recovery principles and intentional fluid management versus traditional care on changes in postoperative creatinine and the incidence of postoperative AKI in colorectal surgery. While clinically insignificant changes in creatinine were observed in unadjusted analysis, the application of enhanced recovery protocols in our colorectal surgery population was not significantly associated with changes in creatinine after adjusting for patient and procedure characteristics. Using outcomes stratified with creatinine cutoffs from the RIFLE criteria, we showed no difference in rates of acute kidney injury or failure between traditional and enhanced recovery perioperative management. As such, intentional fluid management strategies, as part of an enhanced recovery protocol, do not appear to increase the risk of postoperative acute kidney dysfunction. 
